[1] Intermittent filtration through porous media used for water and wastewater treatment can achieve high pathogen and colloid removal efficiencies. To predict the removal of bacteria, the effects of cyclic infiltration and draining events (transient unsaturated flow) were investigated. Using physical micromodels, we visualized the intermittent transport of bacteria and other colloids in unsaturated porous media. Column experiments provided quantitative measurements of the phenomena observed at the pore scale. Tagged Escherichia coli and a conservative tracer (NaI) were introduced in an initial pulse into a 1.5 m sand column. Subsequent hydraulic flushes without tagged bacteria or tracer were repeated every 4 hours for the next 4 days, during which outflow concentrations were monitored. Breakthrough behavior between colloids and dissolved tracer differed significantly, reflecting the differences in transport processes. Advancement of the wetting front remobilized bacteria which were held in thin water films, attached to the airwater interface (AWI), or entrapped in stagnant pore water between gas bubbles. In contrast, the tracer was only remobilized by diffusion from immobile to mobile water. Remobilization led to successive concentration peaks of bacteria and tracer in the effluent but with significant temporal differences. Observations at the pore-scale indicated that the colloids were essentially irreversibly attached to the solid-water interface, which explained to some extent the high removal efficiency of microbes in the porous media. Straining, cluster filtration, cell lysis, protozoa grazing, and bacteriophage parasitism could also contribute to the removal efficiency of bacteria.
Introduction
[2] Intermittent infiltration through permeable soils or sand filters has been increasingly used for the treatment of primary or secondary wastewater effluents [Brissaud and Lesavre, 1993; Stevik et al., 2004] because of its low energy and maintenance requirements. The use of these systems represents a simple and low-cost solution to wastewater treatment in developing countries and even in developed ones. These systems can also increase the recharge of groundwater aquifers, but there is concern about the impacts on water quality. In a typical intermittent filter, the surface is sequentially dosed with partially treated sewage effluent that percolates in a single pass through the unsaturated porous medium [U.S. Environmental Protection Agency (USEPA), 1999]. The daily number of application cycles ranges between 1 and 12. Drainage periods allow the renewal of oxygen in the air phase through advection, diffusion and dispersion, since oxygen is required to oxidize organic matter and reduced nitrogen [Bancole et al., 2003] .
[3] Research and field experiments have shown that intermittent filtration can provide high removal efficiency of bacteria if properly designed and operated [Brissaud et al., 1991; Gold et al., 1992; Guessab et al., 1993; Castillo et al., 2001; Ausland et al., 2002] . Therefore filtered secondary treatment effluents can be used for unrestricted agricultural irrigation [Salgot et al., 1996; Shelef and Azov, 1996] , irrigation of public parks, lawns and golf courses [Faby et al., 1999] and groundwater recharge [Bouwer, 1996] . Intermittent filtration can also occur naturally as water is sprayed in an infiltration basin [Mottier et al., 2000] or in other processes to replenish the aquifer with reclaimed water [World Health Organization, 2003 ], but the pathogen removal capability needs to be understood. Intermittent flushing might also be relevant for colloid transport in unsaturated media, whether intentional or due to a leak from a container [Pang et al., 2003] .
[4] The removal of microorganisms during infiltration can be attributed to the combination of straining, adsorption and inactivation. Straining is influenced by filter media grain size, amount of filter clogging and water content [Yao et al., 1971; McDowell-Boyer et al., 1986] . Adsorption is mainly controlled by surface characteristics of the porous medium, water flow velocity, wastewater ionic strength, pH, moisture content and cell surface characteristics [Ryan and Elimelech, 1996] . Microbial die-off depends on temperature, pH, presence of other microorganisms in the porous media [Matthess and Pekdeger, 1981; and operating parameters such as hydraulic load, number of flooding-drainage cycles per day and existence of preferential flow paths [Stevik et al., 1999] .
[5] Several authors have estimated fecal coliform removal in intermittent filters based on water retention time using conservative tracer experiments Van Cuyk et al., 2001; Ausland et al., 2002] . Powelson and Mills [2001] were one of the first investigators to track the movement of bacteria by labeling the cells in a simulated septic system under variable unsaturated flow. Some other studies examined the removal of Escherichia coli by deep well injection into a sandy aquifer .
[6] The main purpose of this study was to assess the effect of cyclic infiltration and draining events on the migration and fate of bacteria during intermittent filtration of partially treated wastewater, for aquifer recharge. Increasingly this is an important water management option in regions of the world where water supplies are scarce. Our goal was to simulate the conditions of a real intermittent sand filter, thus we use wastewater as the carrying solution for all experiments. The research was conducted at two scales: pore and column. We investigated pore-scale mechanisms of bacterial transport in unsaturated media under intermittent hydraulic conditions using micromodels. The pore scale permits microscopic visualization of the processes taking place and has been successfully used by our research group to study the movement of colloids in saturated [Sirivithayapakorn and Keller, 2003a; Auset and Keller, 2004] and unsaturated porous media [Sirivithayapakorn and Keller, 2003b] . The role of the air-water interface (AWI) was explored in detail, as a mechanism for retaining colloids and also as a mechanism for their release upon displacement or dissolution of the air bubbles. On the basis of a calculation of the forces at the AWI, we expect no desorption of the colloids from this interface until it disappears. We also observed the process of film straining when the gas phase physically constrains the movement of bacteria through thin water films, as predicted by Wan and Tokunaga [1997] . There have been a number of previous studies using micromodels to visualize the migration of colloids Baumann and Werth, 2004] or the transport of bacteria and clogging Dupin and McCarty, 2000; Kim and Fogler, 2000; Lanning and Ford, 2002] . However, to our knowledge, the use of micromodels to study intermittent colloid transport has not been considered.
[7] Column experiments provide quantitative measurements of the phenomena. For this work, transport studies of fluorescent-tagged Escherichia coli were performed. Tagging bacteria with a DNA-specific fluorescent marker has proven useful in monitoring microorganism transport in groundwater [Harvey et al., 1989; Bales et al., 1995] . It has been shown that one of the most popular fluorochromes, DAPI, affects neither cell surface properties [Chen and Koopman, 1997] nor transport of enteric bacterium in porous media [Küçükçolak et al., 1998 ]. Finally, we simulated colloid transport experiments in our column by applying the model developed by Saiers and Lenhart [2003] . We found a fairly accurate agreement between observed results and model data.
Materials and Methods

Pore-Scale Experiments
[8] Studies at the pore scale were conducted using physical micromodels containing a realistic pattern of pore networks already employed in other studies [Keller et al., 1997; Keller, 2003a, 2003b] . A thin slice of porous media (fine sand) was imaged through an optical microscope (approximately 600 by 600 mm) and then digitized. A high-resolution printer converted the digital image of the pore space into a transparency, used as a mask on a silicon wafer. The resulting two-dimensional pattern was transferred to PDMS (polydimethylsiloxane). The pattern reflects the major features of a porous medium. The details of the procedure for constructing the current generation of micromodels were described by Auset and Keller [2004] . The surface of the micromodels was rendered hydrophilic by sodium silicate treatment, following Jo et al. [2000] .
[9] The system consisted of the micromodel, a 10 mL glass syringe (1010, Hamilton Co., Reno, Nevada), an epifluorescent microscope (Nikon Optiphot-M), and a charged-coupled device (CCD) camera mounted directly onto the eyepiece (Optronics Engineering). A digital camera was also connected to the CCD TV system to acquire video images of real-time movement of colloids.
[10] We used Escherichia coli ATTC 25922 and negatively charged latex microspheres with a nominal diameter of 5 mm (coefficient of variation <5%, Duke Scientific Corporation, Palo Alto, CA, USA). The microspheres had sulfate groups on the surface and their negative surface charge was around 5 -15 micro equivalents per gram, per the manufacturer. Escherichia coli is a rod-shaped bacterium, measuring approximately 2 mm long and 1 mm wide [Koppes and Grover, 1992; Julia et al., 2000] . Bacterial cells were grown at 30°C in a Luria-Bertani Broth (DIFCO 244620). Prior to the micromodel experiments, the bacterial growth medium was filtered through a 0.22-mm filter, and the bacteria were resuspended in the injection solution. For the micromodel work, we generated a solution resembling partially treated wastewater, as a suspension solution for the bacteria and microspheres. The artificial wastewater had a pH of 7.3 and an ionic strength of 3 mM. ), following Powelson and Mills [2001] . All chemicals were obtained from Sigma-Aldrich Chemicals. We employed an artificial solution because the use of a real wastewater in the micromodels may rapidly clog the pore spaces and drastically reduce visibility, rendering the micromodel useless.
[11] Once the micromodel was placed horizontally in the microscope, it was saturated with deionized water and tested for a number of pore volumes. The deionized water was then displaced by artificial wastewater. Once saturated, the micromodel was allowed to drain for 8 hours until stable minimum moisture content was achieved. We then started the following cycles: 2 min wastewater infiltration per 8 hours drainage. On the second cycle a pulse of bacteria was injected in a 2 min pulse and the micromodel was allowed to drain for 8 hours. Subsequent pulses of artificial wastewater without bacteria were applied, allowing drainage after every pulse. Continuous real-time images were recorded from selected regions in the micromodel, which included various pore bodies and pore throat sizes. The water content in the micromodel was calculated by comparing the images of the dry and wet model, using image analysis software (Scion Image). The same experimental procedure was used for the microspheres study.
2.2. Column-Scale Experiments 2.2.1. Column Setup
[12] A cylindrical polyvinyl chloride (PVC) column (length: 150 cm; internal diameter: 19 cm) was used for the transport experiments. We chose an opaque material in order to prevent the entrance of light and the development of algae in the porous media, to simulate the interior of a sand filter. The column was packed to a height of 140 cm with a graded sand (d 10 = 0.36 mm, d 50 = 0.91 mm, uniformity coefficient d 60 /d 10 = 2.72). The bulk density and porosity of the sand were 1.57 g/cm À3 and 0.34, respectively. The column was equipped with a sprinkler that homogeneously supplied effluent over the top surface. Dosing of the wastewater was controlled by a system of programmable switches connected to a peristaltic pump (Cole-Parmer, Co.). A pressure transducer (Sensotec, FPA/ F830-02) to monitor water pressure was inserted through the column wall, 30 cm below the top surface of the sand and calibrated before installation. A water flowmeter (McMillian, 111) was installed at the bottom of the column to measure effluent outflow.
[13] The column was first operated for two years with an urban secondary effluent, in order to develop and stabilize a biofilm in the sand filter. Tracer tests were carried out after these two years. The effluent was collected from the treatment plant every two days and stored at 4°C temperature. All experiments were conducted using the same type of effluent. The pumping rate (0.4 m/d) and the fractionation factor, i.e., the number of flushes per day (6), were set to match a typical intermittent sand filter. The application rate of each flush was 2.2 Â 10 À4 m/s and each flush lasted 5 min. Each flush was 1.9 L, or approximately 13% of the total pore volume in the column (13.93 L). Samples of the influent and effluent were analyzed every week for different water quality parameters, such as Suspended Solids (SS), Chemical Oxygen Demand (COD), Total Kjeldahl Nitrogen (NTK) and nitrate (N-NO 3 ), using standard methods [American Public Health Association et al., 1998 ].
Bacterial Strain
[14] The bacterial tracer was an Escherichia coli strain isolated from raw wastewater. The original culture was grown on Tryptic Soy Agar (TSA) medium (Sigma T-4536) at 30°C. Pure culture cells were harvested by centrifugation at 3000 g for 5 min and resuspended in filter-sterilized phosphate buffered saline (P 3813, Sigma, pH 7.4) to a concentration of approximately 10 9 cells mL À1 . The pellet was sonicated in a water bath sonicator (Branson model W) for 30 sec at room temperature to disperse any remaining bacterial clumps. The bacterial suspension was stained with the fluorochrome, 4 0 -6-diamidino-2-phenylindole (DAPI, Sigma D9565) to achieve a final concentration of 0.001% DAPI. After a 30-min contact time at 20°C, the cell suspension was washed three times in 5 mL of filter phosphate-buffer saline with centrifugation at 3000-x g for 10 min. The stained cells were stored at 4°C before use. A 1.9 L wastewater pulse containing approximately 2 Â 10 11 E. coli was introduced into the sand column. Samples collected down the column were kept at 4°C and counts of DAPI-stained bacteria were made within 6h.
[15] Concentrations of bacteria were determined by epifluorescent microscopy. Samples were sonicated for 30 s at room temperature just before filtration. 50 mL of each sample were passed through a sterile Nucleopore membrane filter with 0.020-mm pores (Millipore). An 80 kPa (0.79 atm or 600 mm Hg) vacuum was applied through a manifold to three filter holders. The filters were then mounted on glass slides and stained-bacteria were point counted using an Olympus B 50 microscope (1000 Â magnification) under UV excitation (340 -380 nm). Counting was performed on at least fifteen random fields for each filtered sample and serial dilutions were performed to reduce sample concentrations to levels necessary for optimum reproducibility ($10 6 microspheres per slide [Harvey et al., 1989] ).
Tracer Experiments
[16] In a first set of experiments, DAPI-stained bacteria were injected within a hydraulic pulse, followed by wastewater flushes with no DAPI-stained bacteria. Effluent samples were continuously collected using 100 mL borosilicate bottles for 4 days. The overall outflow effluent was also collected to monitor flow rate. The experimental observation of the breakthrough of bacteria was repeated 5 times to verify reproducibility. In a second set of experiments, transport of a conservative tracer in the unsaturated media was studied using sodium iodide (NaI (2H 2 O)), which was also added only to the initial pulse. Breakthrough of iodide was monitored every 1.0 min with an ion selective electrode (Weiss Research Inc.). The dissolved tracer was injected separately to avoid additional bacteria adsorption due to the increased ionic strength of the iodide solution.
Numerical Modeling
[17] The mathematical model developed by Saiers and Lenhart [2003] was applied to simulate the colloid transport experiments in the column. The model solved coupled equations for unsteady, unsaturated pore water flow, advective-dispersive colloid transport, colloid adsorption and desorption from the AWI and SWI. The population of immobile phase colloids is divided into compartments, each of which is characterized by a unique value of critical moisture content (q cr ). Colloids are released from a particular compartment when the model-calculated moisture content exceeds the value of q cr assigned to that compartment. The input parameters needed to solve the Richard's equation for pore water flow were the initial and the residual moisture content, the porosity, the bubbling pressure (cm), the hydraulic conductivity of the water-saturated porous medium (cm min À1 ), a medium characteristic parameter, the column length (cm) and the column diameter (cm). The parameters needed for the equation of colloid transport were: the bulk density of the sand (g L À1 ), the dispersivity (cm), the number of compartments, the critical moisture content assigned to a compartment, the length of input pulse (min), the colloid concentration in influent (mg L À1 ), and a number of empirical parameters that quantify the colloid removal by straining and the kinetics of colloid release. Estimates of the bubbling pressure and the medium characteristic parameter were determined by minimization of the sum of the squares of the differences between experimental measurements of the moisture content and theoretical moisture content obtained by applying the Brooks-Corey expressions [Saiers and Lenhart, 2003] . Other model parameters were adjusted in collaboration with Dr. Saiers.
Results
Pore-Scale Experiments
[18] Direct observation of the transport of bacteria and microspheres during infiltration and drainage sequences highlighted the dynamic nature of these processes. The mechanisms observed for bacteria and microspheres were very similar; therefore we present examples of flushing events for 5 mm colloids in the set of images presented in Figure 1 because they are clearer in printed format than the images for 1 mm Escherichia coli. The multiple steps involved in image capture, processing and printing from microscope to paper degrade the resolution. Additional digital images are provided in the auxiliary material.
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[19] Figure 1a shows the micromodel after almost 8 hours of drainage following the injection of microspheres. The water saturation of the micromodel has reached its lowest value, 39%, and a high proportion of the pore space is filled with air, which is seen as the phase with the thick interface (AWI). All the colloids observed in this image are suspended in stagnant water, trapped at the AWI or attached to the SWI. A number of colloids are trapped in immobile water that is connected to the rest of the pore water only through very thin water films along the pore walls (film straining). Figure 1b presents the micromodel 20 seconds after flushing. As the infiltration front advances from left to right, air is displaced, carrying colloids attached to the AWI. Pores become filled with water, reconnecting immobile water and contributing to the advance of the hydraulic pulse. Colloids trapped in immobile regions are remobilized (Figures 1c -1f) . A significant number of colloids remain attached to the SWI, which results in essentially irreversible sorption at these sites under the experimental conditions. It is also possible that some of these colloids are temporarily attached to the triple interface, air/water/solid.
[20] After the first flush, the micromodel progressively dries back (Figures 2a -2d) . It takes more than 7 hours for the micromodel to drain from the condition in Figures 1f -2d . Air moves in, first into the largest pores, then into increasingly smaller pores as water drains out or evaporates. As air advances, spontaneous coalescence of the air bubbles takes place (Figures 2a and 2b) . One can also observe the trapping of colloids within a thin water film that forms almost in the middle of Figure 2b , between the air bubble and the solid surface. Some of the colloids can become permanently attached to the SWI, but others can be seen in later images to remobilize as the AWI is dislodged. The passage of air can sweep up colloids that are in the stagnant water region or attached to the AWI (Figures 2c and 2d) . In general, the advance of either a wetting or drying front does not mobilize colloids attached to the SWI. Figure 2e starts a new flush, with consequent advancement of the wetting front. Colloids travel through the mobile water phase and accumulate increasingly at the SWI and AWI (Figures 2e -2i) . Detachment of bacteria from the AWI was only observed during complete bubble dissolution.
[21] The white arrows in Figures 1 and 2 trace the paths taken by colloids through the partially resaturated medium, once the air bubbles have been partially displaced or dissolved. As can be seen in Figures 1e -1f or 2h -2i, the colloids are able to proceed through more and more paths as S w increases, allowing additional sorption sites to be exposed after each flush. However, colloids remobilized by the flush experience first a fairly constrained number of pathways, which results in accelerated breakthrough. As time progresses, the increasing number of pathways results in dispersion of the colloidal front.
Column Experiments
[22] Detailed concentration histories of iodide and DAPI-stained bacteria from column effluent are shown in Figure 3 in log ordinate axis (Figure 3a ) and linear ordinate axis (Figure 3b ) for the first three days of monitoring. Average values for five replicate experiments are presented. Transport of tagged bacteria and iodide tracers was correlated with intermittent hydraulic flushes. Nevertheless, the concentration profile of the conservative dissolved tracer differed considerably from that of the tagged bacteria. The normalized concentration of iodide exhibited an asymmetrical breakthrough curve, which increased during the first 3 flushes until it reached a maximum of 0.48 after 12 hours and then the concentration declined gradually. Since each flush represented only a fraction of column pore volume, a significant fraction of the conservative tracer remained even after the first few flushes. Each additional wastewater application generated a distinct iodide flux out, which decreased almost exponentially to an asymptotic value 4 min after each hydraulic peak.
[23] Breakthrough, i.e., initial detection, of tagged bacteria occurred slightly earlier than the solute tracer, attained a maximum normalized concentration of 2 Â 10 À4 on the second flush and then decreased slowly after the third flush (Figure 3) . However, the behavior of the concentration of bacteria is quite different from the dissolved tracer, reflecting the differences in storage locations. During the sequential pulses, the concentrations of eluted particles fluctuated up and down, with a gradual reduction in concentration. Upon initiation of a subsequent flush, effluent concentrations of bacteria rose steeply, with the highest concentrations occurring about 20 min after the hydraulic peak and 40 min after the flush commenced, and then declined rapidly before the next pulse. Normalized concentrations of bacteria associated with each breakthrough pulse oscillated on average almost two log 10 units between peak and valley. Both dissolved tracer and tagged bacteria exhibited persistent tailing and could still be detected in the column effluent after 72 hours. However, the elution of bacteria was much slower than for iodide.
[24] Only a very small fraction of the injected bacteria was recovered at the column effluent, as indicated by the area under the normalized bacteria concentration curve in Figure 3b , compared to that of the dissolved tracer (note the different scales on the vertical axes). Figure 4 shows normalized cumulative mass recovered for dissolved tracer and tagged bacteria. The recovery rate for the iodide tracer during the 4 days of the experiment was 96% whereas the recovery rate for bacteria was 0.028% (standard deviation = 0.008), that is, more than three orders of magnitude lower than for the conservative tracer.
[25] Figure 5 presents the fraction of total mass recovered for dissolved tracer and tagged bacteria after every flush. Bacteria mass recovery precedes iodide mass recovery, normalized for the total mass recovered. The total mass recovered after the first two flushes was 34% for tagged bacteria but only 3.7% for iodide. However, the recovery of the mass of mobile bacteria required many more flushes than the dissolved tracer.
[26] To simulate the transport of colloids during intermittent filtration, the hydraulic parameters were adjusted to match observed hydraulic pressure and water content fluctuations ( Figure 6 ). Figure 6 shows the evolution of water content 30 cm from the top surface as a function of time, obtained experimentally and numerically. To match the observed concentration of colloids in the effluent, the transport parameters were adjusted using least squares minimization of observed vs. simulated moisture content. The resulting model fit to the observed concentrations is presented in Figure 7 . The final hydraulic and transport parameters are presented in Table 1 . The model fairly accurately predicts the rise and fall of water content after each flush. In general, the model is able to predict the initial shape and magnitude of the concentration peaks for bacteria in the effluent, but for the later pulses, the simulation predicts higher recovery and a constant leaching of bacteria, which was not observed experimentally.
[27] Several additional water quality parameters were monitored at the inlet and outlet of the column. Organic matter removal and nitrogen oxidation were high during the column experiments. Such performance reflects optimal conditions for inactivation of microorganisms retained in the filter. Data on removal of suspended solids, chemical oxygen demand, and nitrogen are provided in Appendix A.
Discussion of Results
[28] This study applied two complementary approaches to understand the transport of colloids in general, and bacteria in specific, in transient flow. First, we employed micromodels at the pore scale. Second, we used columns to simulate realistic 3-D filtration. Micromodels allowed visu- alization while columns provided quantitative measurements. Interpretation from the column experiments was limited to the analysis of effluent breakthrough curves whereas the micromodels allowed direct observation of the internal processes.
[29] We investigated the transport of bacteria and colloids in unsaturated porous media under intermittent hydraulic pulsing. Transport in these dynamic conditions involved the movement of two immiscible fluids: air and water. In our study case, each wastewater flush volume was significantly smaller than the total pore volume of the column at saturation. Thus a single pulse was neither able to replace the total amount of water in the column nor to completely displace the existing air phase. However, the pulses were large enough to allow mobilization of a certain amount of dissolved tracer and bacteria. These conditions are common under natural situations as well as for managed systems.
[30] The breakthrough curves of iodide and bacteria highlighted the differences in transport processes between solutes and colloids. The iodide tracer displayed an asymmetrical breakthrough curve with significant tailing. The breakthrough of bacteria occurred in successive pulses associated with each hydraulic flush, and it took a much longer time to flush out colloids that were trapped in the various AWI. [31] The curve of the dissolved tracer was typical of physical nonequilibrium phenomena with mobile and immobile flow regions. As the dissolved tracer pulse entered the column, the tracer could diffuse from mobile into immobile pore water. Upon application of untraced flushes, the tracer in immobile water was released by two mechanisms: remobilization of stagnant water as well as diffusion from immobile water into the tracer-free mobile water. The delay between the hydraulic peak and the tracer peak indicated that at least these two mechanisms were involved. The combined effect of these processes produced a long tracer tail with successive plateaus.
[32] Bacteria were released during infiltration events due to hydrodynamic perturbations associated with the advancing wetting front. This phenomenon led to successive concentration peaks. A similar trend was also observed in the field by El-Farhan et al. [2000] . In their study peak colloid concentrations occurred near either the rising or falling limb of the water flux hydrograph. Ryan et al. [1998] and Petersen et al. [2003] also detected colloid mobilization during rapid infiltration of water. Laboratory columns experiments carried out by Saiers and Lenhart [2003] showed that sequential increases in flow rate (and corresponding increases in moisture content) induced pulse-type colloid breakthrough.
[33] The breakthrough curves for bacteria in the column studies illustrated a complex behavior due to the temporal variability in moisture content and pore water velocity. The micromodel observations showed that bacteria, and colloids in general, traveled with the mobile water by advection and dispersion. During their transport, the colloids could interact with the air and solid phases, resulting in temporary or permanent immobilization. Between flushes, colloids were retained in the AWI and SWI, as well as in thin water films. In the micromodel, on average 34% of the colloids became permanently attached to the AWI after several pulses and less than 70% remobilized as the AWI was displaced. Colloid attachment to the SWI appeared essentially irreversible in all the microscale experiments conducted, under these conditions.
[34] Film straining in thin water films represented a third mechanism for colloid retention. Following the calculation of film thickness by Wan and Tokunaga [1997] , the thickness of water films in the column at the lowest measured water content was expected to be in the range of 20-40 nm, which was considerably thinner than the 1 mm Escherichia coli. Consequently, as observed in the micromodels, film straining could be a significant mechanism of retention at low water saturation. Recent transport studies in unsaturated columns estimated similar values for the water film thickness. For example, Chu et al. [2003] found a water film thickness in the range of 15-21 nm for different soils, with water content in the range 0.17 -0.29 cm 3 cm
À3
. estimated a thickness for the water films of 30-60 nm in a medium sand and average water content of 0.11 -0.18 cm 3 cm À3 . Our micromodel observations showed that colloids within the thin water films could attach to the adjacent AWI or SWI (Figure 8 ). The colloids could remobilize from the AWI but might be irreversibly attached to the SWI. From the overall recovery of bacteria in the column studies and observations at the pore scale, it was most likely that once bacteria attached to the SWI, they did not travel any further through the porous media.
[35] Each concentration peak of bacteria in the effluent was followed by a decrease in concentration of almost two log units before the next wetting event. These pulses were due to the mobilization of bacteria by the advancing wetting front from thin water films and the disappearing AWI, as well as from stagnant water, as observed in the micromodel studies. During the hydraulic flush, water entered the porous media from the top, displacing air from the pore spaces. As thin water films rewetted and the AWI disappeared, bacteria were released. On the one hand, bacteria trapped in stagnant regions could migrate through reconnected water paths. On the other hand, bacteria attached to mobile air bubbles could also be mobilized (Figure 1) . The 20-min delay between hydraulic and bacterial peaks in the column indicated that slower processes such as dissolution of air bubbles and disappearance of the AWI had to take place to release significant amounts of colloids and to move them progressively downward through the column. Since some bacteria could form clusters during the disappearance of the AWI [Sirivithayapakorn and Keller, 2003b] , additional straining might occur that removed them from the mobile fraction. Thus not all remobilized colloids migrated to the bottom of the column.
[36] At the end of the flushing pulse, gravitational drainage occurred ( Figure 6 ) and pores at the top of the column open to atmosphere allowed fresh air to enter. As the air front advanced, the rate of colloid attachment to the AWI increased and created more immobile water regions, repeating the cycles observed in Figures 1 and 2 further down the column. Although observed that at slowflow conditions the AWI were static, our experiments indicated that the AWI could be quite dynamic, both at the pore and column scale, and played an important role both in the retention and remobilization of colloids in general, and bacteria in specific. The air phase was a dynamic physical barrier and an important colloid storage site. Below the critical moisture content for interconnected water films, the air phase also prevented movement of suspended colloids in stagnant regions and colloids attached to the AWI.
[37] The model matched the soil moisture profile and breakthrough curves of bacteria quite well (Figures 6 and  7) . The timing and magnitude of the observed pulses of bacteria were reproduced with reasonable accuracy by the model. However, some discrepancies between measured and modeled results were apparent. The simulated pulses of bacteria did not decrease to the very low concentrations observed before the beginning of the next infiltration event. This indicated that the simulated mass of bacteria retained in the column did not accurately match the observations. Colloid mobilization might be a more complex function of moisture content than represented in the model. In addition, bacteria might be lost in the experimental setup due to grazing by protozoa, cell lysis in response to unfavorable conditions, and/or parasitism from bacteriophages, leading to lower concentrations in the effluent than predicted by the current model.
[38] Sorption onto the SWI and straining in narrow pore throats dominated the magnitude of the breakthrough curve of bacteria, since 99.972% of tagged bacteria became immobile or were lost during transport through the porous media. The high sorption rate could be explained by the high ionic strength of the wastewater [Gannon et al., 1991] and the presence of a biofilm [Flemming, 1995] . A higher ionic concentration of the solution led to a decrease in the thickness of the diffuse layers and in the average distance between surfaces carrying similar charges. As a result, cell adsorption on surfaces was promoted. Additionally the biofilm could serve as the focus for further bacterial attachment. High retention of fecal coliform in wastewater filtration systems has also been reported by other researchers. Van Cuyk et al. [39] A significant number of fluorescent-tagged bacteria appeared shortly after their injection and before any iodide was detected (Figure 2b ). This phenomenon suggested preferential transport along fast streamlines due to the pore and size exclusion effects [Sirivithayapakorn and Keller, 2003a; Auset and Keller, 2004; Harter et al., 2000; , as well as by a reduction in pathways, since some paths were blocked by air bubbles. Early breakthrough was dominated by bacteria that were mobile, unattached to either the AWI or SWI, whereas later breakthrough behavior was influenced by the release from the AWI and thin water films, and remobilization from stagnant water regions.
Conclusions
[40] The results from both the pore and column scales suggest that the processes that control colloid behavior during intermittent infiltration are quite different from processes for dissolved compounds. Both the conservative tracer and the colloids advance during each flushing event as connectivity between mobile and immobile water increases, allowing solutes and colloids to mobilize. However, the behavior of the solute is dominated by slow diffusion from stagnant water regions, while transport of bacteria is controlled by sorption on AWI and SWI, as well as storage in thin water films. Remobilization of colloids depends on the movement of the air phase, the dissolution of existing air bubbles that releases colloids from the AWI, and/or the rewetting of thin water films which also releases colloids. The correlation between the pore-scale observations and the column-scale studies reinforces our understanding of these transport mechanisms. This serves to explain the significant differences in temporal patterns of solute tracer and colloid breakthrough.
[41] Sorption at the SWI and straining in narrow pore throats are dominant removal mechanisms even in a short column. The observations from the pore-scale experiments corroborate that sorption at the SWI is almost irreversible. In addition to sorption to the SWI and straining in small pore throats, other loss mechanisms such as cell lysis, protozoa grazing and bacteriophage parasitism may reduce the load of bacteria that exits the system. This confirms the usefulness of intermittent filtration through porous media as a means to achieve high removal of colloids, and in particular bacteria, from wastewater.
[42] Although bacteria are removed to a high extent by intermittent sand filters, and would also be removed to a high extent while traveling in the vadose zone, it is important to consider that there is a very small but nonnegligible fraction of bacteria and other colloids (e.g., viruses, radioactive particles, colloids with sorbed pesticides or minerals) that will breakthrough faster than the solutes due to preferential transport, from the first flush and through the sequence of flushes. If the concentration of these peaks exceeds water quality objectives, it will be necessary to consider additional treatment before the water is used for drinking supply.
Appendix A: Removal of COD and Nitrogen in the Intermittent Sand Filter
[43] The average chemical quality of influent wastewater and effluent filtered water during the experimental period is shown in Table A1 . Residual COD was 19 mg/L on average and TKN concentration in the filtered water was 2 mg/L. During the 18 months of operation the removal efficiency of COD was more than 80%. Most of the initial nitrogen was transformed to nitrate in the system. Similar removal efficiencies have been obtained in intermittently operated sand filters by Prochaska and Zouboulis [2003] . COD removal and nitrification rates depend strongly on the oxygen supply to the media [Boller et al., 1993] . The results show that oxygen diffusion into the media and air exchange, induced by intermittent flushing, are sufficient to achieve a high oxidation of organic matter. 
